The isolation of the pathogenic fungus Histoplasma capsulatum from cultures together with the visualization of typical intracellular yeast in tissues are the gold standard methods for diagnosis of histoplasmosis. However, cultures are time-consuming, require level 3 containment and experienced personnel, and usually call for an additional confirmation test. Matrix-Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry (MALDI-ToF MS) has been established as a suitable tool for microbial identification in several clinical laboratories. A reference database has been constructed for the identification of H. capsulatum by MALDI-ToF MS by using six H. capsulatum strains previously identified by molecular methods. For validation, 63 fungal strains belonging to the Collection of the Spanish National Centre for Microbiology were tested against the new reference database combined with other commercial and in-house databases. In a blind assay, all H. capsulatum strains (n = 30) were correctly identified by the database and 86.6% had scores above 1.7. Considering both phases of the fungus for the same strain, the most reliable results were obtained with the mycelial phase, with only 13.3% of isolates having scores below 1.7. The new database was able to identify both morphological phases of the fungus. MALDI-ToF technology yields a prompt and simple identification from H. capsulatum yeast forms and early mycelial cultures. It allows for reducing response time and decreasing risk in fungus manipulation.
Introduction
Histoplasmosis is an endemic mycosis caused by the dimorphic fungus Histoplasma capsulatum. 1 Three varieties of the fungus are recognized, two of which are pathogenic to humans: Histoplasma capsulatum var. capsulatum, which causes classical or American histoplasmosis and is widely distributed but endemic to the valleys of large American rivers, and Histoplasma capsulatum var. duboisii, which is the causal agent of African histoplasmosis and is endemic in equatorial Africa. 2, 3 The third, Histoplasma capsulatum var. farciminosum, is distributed in countries bordering the Mediterranean Sea and causes epizootic lymphangitis in horses. 4 Although there are no autochthonous cases, the incidence of this disease has increased in recent years in Spain due to migration from endemic areas and the transit of travellers proceeding from those areas. 5 Clinical features of this fungal disease in humans vary depending on the fungus variety involved in the infection. Histoplasma capsulatum var. capsulatum primarily causes pulmonary infection while H. capsulatum var. duboisii affects mainly the skin and subcutaneous tissues. 6 In both cases, the infection can disseminate in immunocompromised populations, especially human immunodeficiency virus (HIV) positive patients. 7 Classic microbiological diagnosis is based on isolating the organism in cultures, microscopic examination of fluids and tissues, and serological techniques. Isolating the fungus from culture is a time-consuming technique requiring 3-4 weeks due to the slow growth of the fungus. 8 Once the fungus has grown properly, the typical tuberculate conidia must be observed to perform a presumptive diagnosis. 9 However, a definite test should be performed by using other techniques such as molecular identification. 10, 11 Moreover, biosafety level 3 (BSL-3) containment is needed for the manipulation of the mycelial form. In the last decade, Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDIToF MS) technology has revolutionized the microbial identification field in clinical practice. It has been implemented in many routine microbiological diagnostic laboratories and several protocols have been developed for the identification of pathogen microorganisms, especially for bacteria and yeasts. 12 Many efforts have been made for adapting these protocols to filamentous fungi identification. Different authors have been focused on standardization of the extraction procedure, 13 increasing discrimination among species complexes, 14, 15 improving commercial databases, 16, 17 and developing new in-house databases to achieve an accurate identification of clinically relevant moulds. [18] [19] [20] [21] However, few studies had been performed with BSL-3 fungal pathogens. To our knowledge, there are no entries of H. capsulatum spectra in most used commercial databases and its inclusion in an in-house database has been reported recently by Lau et al. 18 in a reduced number of strains, only in the mycelial stage of the fungus. The aim of this study was to create a reference MS library for an accurate identification of strains of Histoplasma capsulatum by MALDI-ToF technology and validate it with 63 strains previously identified by molecular methods.
Methods

Fungal strains
Six H. capsulatum strains belonging to the Fungal Collection of the Spanish National Centre for Microbiology were used to construct the reference mass spectra database. As shown in Table 1 , strains belonging to the three varieties of the fungus and the type strain were included. Mycelial form was represented for all strains and yeast phase was included for three of them. To assess the specificity and to test the accuracy of the MS spectra reference database, a blind set of 63 clinical strains from the above mentioned Fungal Collection were tested. This panel included 33 fungal strains belonging to different fungal species and a total of 30 strains of H. capsulatum. All strains included in the study had been previously identified by sequencing the ITS regions.
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Protein extraction protocol from mycelia and yeasts
Protein extraction from all BSL-3 fungi was performed under BSL-3 facilities in compliance with Spanish law (Real Decreto 664/1997). Mycelial forms were subcultured on Sabouraud dextrose agar (SBDA) tubes and grown at 30
• C for 2-3 weeks. For yeast phase conversion, mycelium cultures were subcultured on brain heart infusion agar (BHIA) medium containing glutamine (200 nmol/ml) and supplemented with 10% sheep blood for another 2-3 weeks at 37
• C. Then, yeast forms were maintained on BHIA medium containing glutamine (200 nmol/ml). Sample preparation for protein extraction was carried out following manufacturer's instructions (Bruker Daltonics, Bremen, Germany). Briefly, fungal material (a 5 mm diameter piece of mycelium or one to two colonies of yeasts) was carefully collected from the surface of cultures with a sterile inoculating loop and placed in 300 μl of sterile water. Then, 900 μl of absolute ethanol was added. After centrifugation at 13,000 rpm for 3 min, the supernatant was discarded, and the dried pellet was resuspended in 10-20 μl of 70% formic acid plus the same volume of 100% acetonitrile. After a short centrifugation, 1 μl of the supernatant was used to perform mass spectra measurement. When working with BSL-3 fungi, a study of complete inactivation in a set of strains neither included in the in the database nor in the validation panel was performed under BSL-3 facilities after protein extraction. Briefly, protein extracts obtained as explained above were cultured in SBDA tubes at 30
• C for 2 months to verify a complete killing of fungi. Once verified the inactivation, all protein extracts were manipulated in a BSL-2 laboratory after protein extraction which was always performed under BSL-3 facilities.
Mass spectra acquisition and H. capsulatum reference database creation
In sum, 1 μl of the protein extract was spotted on a metal target plate and allowed to dry. Then, 1 μl of α-cyano-4-hydroxy-cinnamic acid matrix solution was deposited onto the dried spot leading to co-crystallization. Each sample was spotted eight times, and 1 μl of the bacterial test standard (Bruker Daltonics, Billerica, MA, USA) was included to calibrate each experiment. MS-measurement was performed in triplicate using a Microflex LT Mass Spectrometer (Bruker Daltonics). The system was set in standard conditions: the linear positive mode at a laser frequency of 20 Hz within a mass range from 2,000 to 20,000 Da. The instrument parameter settings were: ion source 1 at 20 kV, ion source 2 at 18.5 kV, lens at 8.5 kV, pulsed ion extraction of 250 ns, and no gating. Spectrum acquisition was performed automatically using the FlexControl software (Bruker Daltonics). All collected spectra from 240 laser shots from different positions of the target spot were subjected to analysis with the FlexAnalysis version 3.3 software package (Bruker Daltonics). After performing quality analysis, all suitable spectra were loaded into Biotyper 3.1 (Bruker Daltonics) where a main spectra (MSP) was created for each of the nine isolates (six in mycelial form and three in yeast form) and each MSP was added to the Biotyper database.
Reference MS database validation
Protein extraction from H. capsulatum strains included in the validation assay was performed on different days of culture growth to establish the minimum optimal time to generate suitable spectra (data not shown). From mycelia, protein extracts were obtained from 7-day-old cultures, whereas cultures of 5 days of growth were used for yeast isolates. Sixty-three clinical strains were included in the assay: 33 fungal strains belonged to different fungal species and 30 strains were H. capsulatum including both human pathogenic varieties (24 H. capsulatum var. capsulatum and six H. capsulatum var. duboisii strains). Six strains belonging to fungal species causing endemic mycoses (Blastomyces dermatitidis, Coccidioides immitis, C. posadasii, and Paracoccidioides brasiliensis) were included to verify the specificity of the new database.
Spectra acquisition was performed in duplicate in a blind assay and was analysed against the MS reference database combined with other commercial and in-house databases: Only those identifications with two or more matches with strains included in reference databases were considered as a correct identification, otherwise the protein extraction procedure was repeated 2-3 times.
Results
Construction of H. capsulatum reference database
MALDI-ToF analysis of the six strains (nine entries in total) used as reference to construct the database gave spectra with sufficient quality to generate main spectra (MSP) and construct the MS reference database. Of note, spectra obtained for all isolates included in the reference database revealed great diversity (Fig. S1 ). For the analysis, this new reference database was combined with several databases that included a wide number of fungal species (see Reference MS database validation in Methods section).
Validation of H. capsulatum reference database
MALDI-ToF identification results for the 63 strains included in the validation assay are summarized in Table 2 . First, strains of fungal species causing endemic mycoses (B. dermatitidis, C. immitis, C. posadasii, and P. brasiliensis) were not identified by the new extended database because they were neither included in commercial nor in-house databases, showing the specificity of this new database. With the exception of these strains, the overall percentage of correct identification was 91.2% (52/57). Briefly, all strains belonging to "non-H. capsulatum" species were correctly identified except for errors at species level for genus Sporidiobulus, Sporothrix, Mucor, Fusarium, and Trichophyton. The scores in all cases were above 1.7, which is considered by the manufacturer as the cutoff score for adequate genus identification. Regarding H. capsulatum strains, all were correctly identified and 86.6% (26/30) had scores above 1.7. When analyzing the results for mycelial and yeast forms from the same strain, the most reliable identification was observed for the mycelial forms. Scores below 1.7 were observed in 50% of yeast isolates (7/14), whereas only 13.3% were observed in mycelial forms (4/30).
Considering all isolates of H. capsulatum included in the validation assay (yeast and mycelial forms), identification scores obtained for the 44 isolates assayed were distributed around a mean of 1.78 with a standard deviation of 0.15 (Fig. S2) . Depending on the selected cutoff, sensitivity values varied from 75% (cut-off of 1.7) to 100% (cutoff of 1.4); however, specificity was 100% in all cases (Table 3) . Of note, we were not able to achieve yeast-phase conversion for 16 H. capsulatum strains.
Discussion
Classical diagnosis of histoplasmosis has been based on culture and histopathological analysis of tissue biopsies. Culture is time-consuming and needs to be confirmed by other methods. Histopathological analysis may also lead to misidentification with other microorganisms such as Leishmania spp. 24 Regarding BSL-3 fungal pathogens, studies on MALDIToF applications are scarce, probably due to the difficulty of working under BSL-3 facilities with these fungi, which are also slow-growing. In this work, all protein extracts from H. capsulatum cultures were obtained in BSL-3 facilities and an inactivation test was performed before handling them in BSL-2 facilities. To the best of our knowledge, we have developed the first reference MS database for the identification of H. capsulatum using MALDI-ToF technology that includes both morphological stages of the fungus. Strains used for reference database construction had been previously identified by sequencing the ITS region. Some of these strains were acquired from international reference collections of microbial cultures. This database has proven to be specific and reliable for identifying H. capsulatum by MALDI-ToF. All strains of H. capsulatum were correctly identified, and 86% reached the reliability score for genus identification indicated by the manufacturer. Closely related and dimorphic fungal species, such as B. dermatitidis, P. brasiliensis, and C. immitis, did not produce any results since they were not represented in the new extended database. This fact supported the high specificity achieved for H. capsulatum species identification. Regarding mycelial and yeast forms from the same strain, the most reliable results were obtained for mycelial forms, as 86.6% of isolates had scores above 1.7. Fifty percent of yeasts gave low scores between 1.4 and 1.7.
Identification scores obtained for the 44 isolates from H. capsulatum were distributed around a mean of 1.78 with a standard deviation of 0.15 (Fig. S2) . Scores between 1.7 and 2.0 are considered reliable genus-only identification by the manufacturer. However, several authors have considered these scores to be very conservative for fungi, 23, [29] [30] [31] [32] [33] proving an increase of the sensitivity when lowering the "secure species" score, whereas the accuracy of the technique was always preserved. Based on these studies, an analysis of sensitivity and specificity was performed testing different cutoff scores (Table 2) . When decreasing the cutoff to 1.6, sensitivity rose drastically to 93.3% in H. capsulatum strains.
The poor scores obtained with some yeast isolates, even when repeating protein extraction, could be explained by the difficulty to obtain a pure conversion from mycelium to yeast. In fact, yeast phase conversion was achieved only for nearly 50% of all H. capsulatum strains included in this work. Furthermore, the limitations of working under BSL-3 facilities, do not allow changing either culture conditions or protein extraction procedures. On the other hand, even if the extraction method probably was not the most adequate for the best results, it allowed the complete killing of the fungi which is essential to assure the safety of the worker.
The new reference database was not able to perform a proper discrimination between the three varieties of the fungus: only 28 of the 44 isolates (63.6%) included in the specificity panel matched with their correct variety. This fact can be explained by the complex phylogenetic relationships among the three varieties, as described previously by other authors 34, 35 who suggested that the traditional classification in three varieties is meaningless. In addition, as explained previously, the standard extraction method used was not optimal for this kind of fungi and could affect the discrimination power of the technique. In clinical settings, the identification of the varieties is irrelevant as treatment would be the same regardless. Spectra from yeast and mycelial stages of the fungus were included in the database with the purpose of identifying both phases properly. In early experiments, we found that both phases from the same strain gave completely different spectra (Fig. S1 ). That may be caused by differences in gene expression profiles in yeasts and mycelial forms which has been described by Edwards et al. 36 Looking at the results, there was partial cross-identification between both phases: seven isolates out of 44 (15.9%) in a morphological phase matched with strains in the other phase represented in the database. The reason of those observations could be that these strains were not completely converted to the proper phase.
In this work, young cultures (7 days of growth for mycelia and 5 days for yeast) have been used in the validation assay with suitable results. This represents a meaningful decrease of time compared to classical identification methods based on microscopic observation of cultures. At 7 days of growth, most mycelial isolates included in the assay did not present the characteristic tuberculate macroconidia for their identification.
Finally, despite the difficulty of working with this kind of slow-growing fungi in BSL-3 conditions, we achieved an excellent specificity by performing the validation in the most similar conditions to a real clinical setting (blind assay, testing only two duplicates, using manufacturer's instructions for extraction procedure, etc.). This goal and the capacity of this method to anticipate H. capsulatum identification from cultures in contrast to classical methods, highlight the potential of MALDI-ToF technology to improve diagnosis of histoplasmosis and other BSL-3 organisms.
In conclusion, our reference MS database is robust and suitable for H. capsulatum identification in both morphological phases of the fungus and allows advancing in the diagnosis of histoplasmosis. Furthermore, minimal handling of H. capsulatum cultures is needed for performing protein extraction, reducing biosafety risks. This technique could be performed in clinical and microbiological diagnostic laboratories of hospitals and other research institutions with proper biosafety containment. However, more studies about the taxonomy of the fungus and the refinement of several parameters to improve the construction of MALDI-ToF MS reference spectra libraries are required.
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